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SUMMARY 
The m a j o r  o b j e c t i v e s  o f  t h i s  i n v e s t i g a t i o n  were t o  seek an under- 
s t and ing  o f  t he  f low mechanisms and t h e  c o n t r o l l i n g  p a r a m e t e r s  f o r  
flow i n  v-shaped notches and the development of experimental methods 
for  measuring the drag of  v-shaped notches.  The w a l l  geometry was 
l imi ted  to  two-dimens iona l  symmetric notches def ined by spec i fy ing  
the  l eng th  and  ang le  of t h e  n o t c h .  For any given notch geometry the 
f ree  stream Mach number w a s  t he  p r imary  va r i ab le  wh i l e  t he  v i scous  
effects ,  s p e c i f i e d  by t h e  boundary layer momentum th i ckness  and t h e  
length  Reynolds  number, were secondary  var iab les .  The Mach number 
r ange  inves t iga t ed  w a s  from 0.5 t o  1 . 2  and a t  2 while  the approaching 
boundary layer was always turbulent  and reasonably w e l l  r e p r e s e n t a t i v e  
o f  fu l ly  deve loped  shea r  l aye r s  a long  ad iaba t i c  f l a t  p l a t e s  w i t h  t h e  
momentum thickness  Reynolds  number i n  the  r ange  from  7500 t o  15000. 
I n  o r d e r  t o  c o v e r  a wide range of boundary layer momentum th i ck -  
n e s s  t o  n o t c h  d e p t h  r a t i o s ,  e x p e r i m e n t s  were car r ied  out  wi th  notches  
of v a r i o u s  l e n g t h s  ( 3 . 5  i n . ,  2 . 2 5  i n . ,  1 i n . ,  0 .675  i n . ,  and  0.375 i n . )  
and  notch  angles  (7O, l o o ,  13O, and 16O). 
Sch l i e ren  obse rva t ions ,  p re s su re  d i s t r ibu t ions ,  and  d i r ec t  d rag  
force measurements (with a spec ia l ly  deve loped  drag  force  ba lance)  
c o n t r i b u t e d  t o  a be t t e r  unde r s t and ing  of t h e  v i s c i d - i n v i s c i d  f l o w  
phenomena control l ing the drag of  notches and the redevelopment  of  
the boundary layer  downstream of  the dis turbance.  
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1. INTRODUCTION 
As t he  speed  o f  aircraft increases  toward  sonic  ve loc i ty  and  
fu r the r  i n to  the  supe r son ic  r eg ime  accura t e  in fo rma t ion  abou t  l oca l  
d e t a i l s  i n  t h e  s u r f a c e  c o n f i g u r a t i o n  o f  t h e  aircraft assume g r e a t  
importance. A be t t e r  unde r s t and ing  of l i f t  and  drag  force  cont r i -  
bu t ions  by  d is turbances  as we l l  as knowledge of t h e  d e t a i l e d  f l o w  
mechanisms which determine aerodynamic stress d i s t r i b u t i o n s  and 
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  n e a r  s u c h  d i s t u r b a n c e s  is necessary.  
Not on ly  the  exac t  geometry  of  the  walls b u t  t h e  d e t a i l s  o f  t h e  
approaching  and  ad jacent  f low.  f ie lds  assume a m a j o r  r o l e  i n  de- 
t e rmin ing  the  so lu t ion  to  the  p rob lem.  
I n  c o n t r a s t  t o  r a t h e r  w e l l  d e f i n e d  b o u n d a r y  c o n d i t i o n s  ( w a l l s )  
f o r  a t t a c h e d  f l o w s  t h e  o c c u r r e n c e  o f  s e p a r a t i o n  o f t e n  a l l o w s  m a j o r  
adjustments  in  the f low geometry as a consequence of small changes 
in  f low cond i t ions .  Where f low separa t ion  is a prominent  feature  
and where t h e  d y n a m i c s  o f  t h e  f l o w  f i e l d  a r e  t h e  r e s u l t s  of in-  
te rac t ions  be tween hydros ta t ic  and  v iscous  s t resses  assoc ia ted  wi th  
at tached and free shear  layers ,  understanding has  remained incom- 
p l e t e  i n  s p i t e  o f  p r o p o s e d  f l o w  m o d e l s  a n d  t h e i r  u t i l i z a t i o n  i n  an- 
a l y t i c a l  a p p r o a c h e s .  Examples of   such   theore t ica l   models   inc lude  
those proposed by Crocco and Lees (Reference 131, Lees and Reeves 
(Reference 34), Chapman (Reference 8 )  and Korst (Reference 2 9 ) .  
Sub jec t  o f  t he  s tudy  is t h e  i n c r e a s e  i n  t h e  d r a g  f o r c e  d u e  t o  
the  presence  of  a v-shaped notch in a f l a t  su r face .  Diagram 1 de- 
f i n e s  t h e  w a l l  gemoetry together with the free stream and approach- 
ing  f low condi t ions  in  the  boundary  layer .  The wall geometry w a s  
Diagram 1. Notch Geometry and Flow Variables 
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two dimensional  and remained restr ic ted to  symmetr ical  notches;  
the approaching boundary layer  was a lways  turbulen t  and  f ree  stream 
condi t ions  could  be  var ied  over  a wide  r ange  in  the  t r anson ic  
regime with addi t ional  experiments  conducted a t  Mach numbers near 
two. 
As i n d i c a t e d  a b o v e  t h e  m a j o r  o b j e c t i v e  i n  t h i s  i n v e s t i g a t i o n  
was the  de t e rmina t ion  o f  t he  d rag  o f  a v-shaped notch; however, it 
was a t t e m p t e d  t o  d i s t i n g u i s h  b e t w e e n  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  
of  form drag  and  f r ic t ion  drag .  This  was p a r t i c u l a r l y  i m p o r t a n t  
for  explaining the displacement  and reduct ion from theoret ical  peak 
v a l u e s  o f  t h e  d r a g  c o e f f i c i e n t  n e a r  Mach number of u n i t y .  I n  
add i t ion ,  t he  shea r  d rag  of the redeveloping boundary layer  down- 
s t ream of  the notch was eva lua ted .  
Resonant conditions which are of ten  observed  for  f lows  pas t  
r e l a t i v e l y  d e e p  c a v i t i e s  ( R e f .  43) were  not  ev ident  dur ing  th i s  
i nves t iga t ion  o f  r a the r  sha l low v -no tches .  
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2. FLOW CONFIGURATION 
A flow model has been devised which is made up o f  s e v e r a l  
d i f f e r e n t  f l o w  components. The concept   of   the  model was de r ived  
from experimental  observat ions of the f low over  v-shaped notches,  
and the components were s o  chosen  tha t  s imple  in t e rac t ions  be- 
tween them could be treated.  
2 . 1  Qua l i t a t ive   Obse rva t ions  
While t h e  f l o w  c o n f i g u r a t i o n  d e p i c t e d  i n  F i g .  1 w a s  t y p i c a l  
i n  a q u a l i t a t i v e  s e n s e  f o r  a wide range of notch geometries and 
f low cond i t ions ,  ce r t a in  sys t ema t i c  changes  can  be  po in ted  ou t  
which resu l t  f rom changes  in  the  notch  geometry  and  ex terna l  f low 
condi t ions .  The f o u r  b a s i c  v a r i a b l e s  i n  t h i s  p r o b l e m  are free 
stream Mach number , notch angle  , Reynolds number, and t h e   r a t i o  
of  the approach boundary layer  momentum t h i c k n e s s  t o  t h e  n o t c h  
l eng th .  
Schl ieren photographs of  f low over  a v-notch for cons tan t  ap- 
proaching  ex terna l  free stream Mach numbers are shown i n  F i g s .  2 and 
4. Fig.  2 conta ins  a series of  photographs  of  flow at  a Mach 
number of  two over  a two-inch long v-shaped notch with different 
notch  angles .   Fig.  4 conta ins   sch l ie ren   photographs   o f   f low a t  a 
Mach number of  1 .14 over  two-inch long notches with each photo-  
graph  showing a d i f f e ren t  ang le  v -no tch .  A s  the  notch  angle  R w a s  
i nc reased  f rom the  va lue  dep ic t ed  in  F ig .  1 of  loo, whi le  the  va lue  
of  0/L and R e x  remained  approximate ly  cons tan t ,  the  separa t ion  poin t  
S moved upstream and the reat tachment  point  R moved downstream. A s  
the  notch  angle  was decreased  the  oppos i te  effect  was 'observed, the 
s e p a r a t i o n  p o i n t  moved downstream and the  rea t tachment  poin t  moved 
ups t ream.   For   the   approaching   f low  condi t ions   used   in   th i s   inves t i -  
g a t i o n  t h e  s e p a r a t i o n  p o i n t  S w a s  almost a t  the  l ead ing  edge  o f  t he  
notch when the  notch  angle  w a s  g r e a t e r  t h a n  16O , however, t he  sepa ra -  
t i o n  p o i n t  n e v e r  d i d  move completely down t o  t h e  v e r t e x  o f  t h e  n o t c h ,  
even when the  notch  angle  was r e d u c e d  t o  7 O .  
The effect of  a systematic change i n  t h e  Mach number, p a r t i c u -  
l a r l y  i n  t h e  t r a n s o n i c  r e g i m e  w i t h  0 / L ,  Re,, and notch angle  constant  
is d e p i c t e d  i n  F i g s .  3 and 5. These   sch l ie ren   photographs   c lear ly   in -  
dicate t h a t  t h e  s e p a r a t i o n  p o i n t  s h i f t s  as t h e  Mach number is changed. 
The s e p a r a t i o n  p o i n t  w a s  nea res t  t he  l ead ing  edge  o f  t he  no tch  nea r  a 
Mach number e q u a l  t o  one  wh i l e  fo r  l a rge r  or smaller Mach numbers t h e  
s e p a r a t i o n  p o i n t  moved f u r t h e r  downstream. The development  of  the 
shock wave and expansion wave s t r u c t u r e  f o r  a v-notch i s  c l e a r l y  
v i s i b l e  i f  Fig.  5 f o r  an increase through M = 1 whi le  the  effect  of  a 
change in  notch  angle  on  the  shock  wave-expans ion  s t ruc ture  i s  shown 
i n  Fig. 4. 
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The e f f e c t  on the  f low conf igu ra t ion  when 0 / L  was changdwhi le  
maintaining a cons t an t  Mach number, Rex ,  and notch angle was not  
n o t i c e a b l e  f o r  t h e  r e l a t i v e l y  small range of va lues  of  0 / L .  Schl ie ren  
photographs were taken of  the f low structure  over  four  inch-long 
notches a t  a Mach number of  two and t h e  f l o w  s t r u c t u r e s  w e r e  i d e n t i c a l  
t o  t h o s e  shown i n  F i g .  2 even though 0 / L  was smaller by a f a c t o r  o f  
one-half .  
2 .2  Ind iv idua l  Flow  Components 
The basic flow model shown i n  F i g .  1 cons is t s  of  var ious  f low 
components whose r e l a t i o n s h i p s  t o  t h e  o v e r - a l l  f l o w  model and t o  each 
o the r  a re  po in t ed  ou t  i n  the  fo l lowing  pa rag raphs .  
i. Between s e c t i o n s  (1) and ( 2 )  the  boundary  layer  and 
e x t e r n a l  f l o w  f i e l d  expand around t h e  i n i t i a l  c o r n e r  
of  the  notch .  Analyses  of  th i s  f low component  were 
presented  by Anandamurthy  and Hammit ( R e f .  1) and by 
White  (Ref.  53). 
deve lops  a long  the  sur face  and  th i s  can  be  ana lyzed  
us ing  boundary  layer  in tegra l  t echniques .  
iii. From s e c t i o n  ( 3 )  t o  s e c t i o n  ( 4 )  t h e   s h e a r   l a y e r   s e p a r a t e s  
from the  sur face  whi le  the  ex terna l  f low changes  d i rec-  
t i o n ,  c a u s i n g  t h e  s e p a r a t i o n  s h o c k .  A n a l y s i s  o f  t h i s  
component might be accomplished by methods propose'd i n  
References 8 ,  1 3  and 36.  
deve lop ing   f r ee   shea r   l aye r .  Lamb (33)   has   presented a 
method fo r  ana lyz ing  th i s  t ype  o f  f low.  However, t h e r e  
i s  some concern as t o  whether Lamb's method w i l l  be 
a d e q u a t e  f o r  t h i s  component s i n c e  t h e  f r e e  s h e a r  l a y e r  
i s  in  such  c lose  p rox imi ty  to  the  wall. Lamb's  method 
is  based on the assumption of  a quiescent wake, hence it 
n e g l e c t s  e f f e c t s  o f  wall i n t e r f e r e n c e .  
su r f ace  wh i l e  t he  ex te rna l  f l ow changes  d i r ec t ions  r e -  
s u l t i n g  i n  a reat tachment   shock.   Several   analyses   of  
t h i s  component have been made and a c r i t i c a l  d i s c u s s i o n  
of these methods is presented  by White (Ref. 53). 
layer  begins  to  redevelop along the surface and boundary 
l a y e r  i n t e g r a l  methods can be used t o  a n a l y z e  t h e  f l o w  
mechanism. 
v i i .  The r e a t t a c h e d  s h e a r  l a y e r  a n d  e x t e r n a l  f l o w  f i e l d  ex- 
pand around the  f ina l  co rne r  o f  t he  no tch  be tween  sec -  
t i o n s  ( 7 )  and ( 8 ) .  This   reg ion  i s  similar t o  t h a t  de- 
s c r i b e d  i n  i ) ,  except  tha t  the  approach  shear  layer  is 
in  the  process  of  redevelopment  af ter  reat tachment .  
ii. Between s e c t i o n s  ( 2 )  and ( 3 )  t h e  expanded  shear  layer 
i v .  The region  between  sect ions ( 4 )  and  (5 )  cons i s t s  o f  a 
v.  Between s e c t i o n s  ( 5 )  and ( 6 )  t h e  f l o w  r e a t t a c h e s  t o  t h e  
v i .  From s e c t i o n  ( 6 )  t o  s e c t i o n  ( 7 )  t he   r ea t t ached   shea r  
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v i i i .  Downstream o f  s e c t i o n  ( 8 )  the  shear  layer  undergoes  
fur ther  redevelopment  a long  the  f l a t  su r face .  
The o f t e n  u n s a t i s f a c t o r y  s t a t u s  o f  knowledge concerning the iso- 
l a t e d  flow components w i l l  be compounded by the complexi ty  introduced 
t h r o u g h  t h e i r  i n t e r n a l  i n t e r a c t i o n s .  On t h e  o t h e r  s i d e ,  t h e  d e -  
l i n e a t i o n  o f  t h e  o v e r - a l l  model i n t o  components w i l l  permit  an anal-  
y s i s ,  w i t h i n  l i m i t a t i o n s  t o  b e  p o i n t e d  o u t  la ter  i n  t h e i r  q u a n t i t a t i v e  
a n d  q u a l i t a t i v e  a s p e c t s .  
Alternate methods of solving flow problems involving separation 
and reat tachment  based ent i re ly  on boundary layer  concepts  [Lees and 
Reeves  (Ref. 34) ;  Holden  (Ref. 23) ]  can  be  sub jec t ed  to  c r i t i c i sm 
a r i s i n g  from the  ques t ionable  va l id i ty  of  the  bas ic  boundary  layer  
assumptions near  separat ion and rea t tachment  poin ts .  
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3. DRAG FORCE ANALYSIS FOR THE V-NOTCH 
3.1 Drag C o e f f i c i e n t  f o r  v-shaped  Notches 
The d r a g  c o e f f i c i e n t  f o r  a notch o r  groove is  u s u a l l y  d e f i n e d  i n  
one of  the two ways,  depending on the selection of a r e fe rence  area. 
The most common d e f i n i t i o n  which u t i l i z e s  a n  area equal  to t h e  l e n g t h  
times the  wid th  o f  t he  no tch  , t h e  p r o j e c t e d  area on  the  p l ane  su r face ,  
w i l l  be used as t h e  d e f i n i t i o n  o f  t h e  d r a g  c o e f f i c i e n t  a n d  i s  given by 
equat ion  (1). 
D - - 
cd %p u2bL 
e e  
This is a l s o  a mos t  conven ien t  de f in i t i on  fo r  t he  p re sen t  case s i n c e  
t h e  f l a t  p l a t e  can  be  cons ide red  to  be  a v-notch with vanishing 
angle  R. 
3 . 2  Form Drag a n d  F r i c t i o n  Drag 
The drag force can be thought  of  as having two p a r t s ,  d r a g  due 
t o  s h e a r  f o r c e s  a n d  d r a g  due t o  normal forces.  The more common names 
are drag  due t o  f r i c t i o n  a n d  p r e s s u r e  d r a g .  The term pres su re  d rag  
or form drag, i s  commonly used  fo r  subson ic  f low,  wh i l e  t he  term wave 
drag is used  in  supe r son ic  f low.  
The form drag or wave drag  is de termined ,  wi th in  cer ta in  limita- 
t i o n s  a r i s i n g  f r o m  v i s c o u s  i n t e r a c t i o n s ,  by the geometry of the walls. 
The s i t u a t i o n  may change considerably however, when t h e r e  is a reg ion  
of  separa ted  f low such  as e x i s t s  i n  a v-shaped notch with the wall 
angle  exceeding a l i m i t i n g  v a l u e  which  depends upon approach Mach 
number and  the  ups t ream boundary  layer  conf igura t ion .  For  th i s  case  
the  sepa ra t ion  causes  the  p re s su re  or wave d r a g  t o  b e  s t r o n g l y  modi- 
f i e d  as a consequence of the actual f low geometry being a t  var iance  
with wall boundary  conditions.  This i s  borne  out  by Fig.  6 where 
t h r e e  d i f f e r e n t  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  are shown: 
i. The t h e o r e t i c a l  wall p r e s s u r e  d i s t r i b u t i o n  f o r  a 
supe r son ic  f low ( in  absence  o f  s e p a r a t i o n )  d u e  t o  
Prandtl-Meyer expansions and a shock located a t  t h e  
v e r t e x  of the v-notch , 
ii. the   t heo re t i ca l   shock-expans ion   p re s su re   d i s t r ibu t ion  
cons is ten t  wi th  the  f low model shown i n  F i g .  1, 
accoun t ing  fo r  f low sepa ra t ion ,  
notch.  
iii. exper imenta l   va lues   ob ta ined   for   the  l o o  v-shaped 
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As no ted  be fo re  the  measu red  p res su re  d i s t r ibu t ion  d i f f e r s  g rea t ly  
from  curve i ) .  A s  a consequence  of  separa t ion  the  pressure  increase  
a t  t h e  c e n t e r  o f  t h e  n o t c h  is  eased by t h e  i n t e r a c t i o n  b e t w e e n  t h e  
free stream with shear  f low regions.  Consequent ly ,  it can be recog- 
n i z e d  t h a t  t h e  form or wave drag  i s  n o t  d i r e c t l y  r e l a t e d  t o  t h e  wall 
geometry ,  bu t  ra ther  to  the  f low geometry  as a f f e c t e d  by sepa ra t ion .  
I n  comparing ii) t o   i i i )  it is  a l s o  s e e n  t h a t  t h e  v i s c o u s  l a y e r s  by 
themselves  a re  of  major  in te res t  and  also introduce an important  
modifying  element t o  the  theo re t i ca l  shock-expans ion  mode l .  The 
qua l i t a t ive  e f f ec t  o f  t he  boundary  l aye r  when it is o f  s i g n i f i c a n t  
t h i c k n e s s  i n  c o m p a r i s o n  t o  t h e , l e n g t h  of t he  no tch  i s  t o  r e d u c e  t h e  
d r a g  f o r c e .  F o r  b o u n d a r y  l a y e r s  t h a t  a r e  t h i c k  r e l a t i v e  t o  t h e  n o t c h  
dimension the notch i s  bur i ed  unde r  the  shea r  l aye r .  The l i m i t i n g  
c a s e  f o r  t h i s  s i t u a t i o n  would be when the  notch  appears  on ly  as a 
sur face  imperfec t ion  for  very  th ick  boundary  layers  ( 6 / L  -+ m). 
3.3 Phenomenological Flow  Model 
The most s ign i f i can t  d i f f e rence  be tween  the  inv i sc id  and t h e  
ac tua l  f l ow conf igu ra t ion  was r ecogn ized  to  be  in  the  poss ib l e  dev ia -  
t i o n  of t he  s t r eaml ines  from the geometry introduced by t h e  s o l i d  
walls. Consequent ly ,   the  wave drag i s  no longe r  exc lus ive ly  de t e r -  
mined by t h e  wall geometry,  but  instead,  can be modif ied by t h e  
geometry of t he  sepa ra t ing  and  r ea t t ach ing  f r ee  shea r  l aye r .  Because  
o f  t h i s  occu r rence  an  a t t empt  w a s  made t o  examine the  ove r -a l l  d rag  
f o r c e  on t h e  b a s i s  o f  a s implif ied,  phenomenological ly  conceived 
model comprising the wave d r a g  o f  t h e  a c t u a l  ( s e p a r a t e d )  s t r e a m l i n e  
conf igura t ion  and  those  shear  s t resses  cont r ibu ted  by the mixing 
shear   layer .   This   concept   should  be  reasonably  correct  as long as 
the  shea r  fo rce  due  to  the  a t t ached  boundary  l aye r s  b6tween s e c t i o n s  
( 2 )  and ( 3 )  and between sections ( 6 )  and ( 7 )  i n  F i g .  1 remain small  
as compared t o  t h e  form drag of the wall p o r t i o n s ,  which w i l l  not be 
the  case  for  very  sha l low notches  wi th  vanish ing  separa t ion  reg ions .  
Such a model i s  shown schemat i ca l ly  in  Diagram 2 .  
. L A  
Diagram 2. Proposed Drag Force Model 
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It shou ld  be  no ted  tha t  t he  exac t  l oca t ions  of e i t h e r  t h e  s e p a -  
r a t i o n  p o i n t  or t he  r ea t t achmen t  po in t  are g e n e r a l l y  n o t  known nor  
can  they  be  de te rmined  present ly  by e n t i r e l y  a n a l y t i c a l  methods. How- 
e v e r ,  f o r  t h e  p r e s e n t  p u r p o s e  it can be assumed t h a t  t h e  s e p a r a t i o n  
s t r e a m l i n e  r e m a i n s  p r a c t i c a l l y  p a r a l l e l  t o  t h e  e x t e r n a l  f l o w  s u c h  t h a t  
a s ing le  geomet r i ca l  pa rame te r ,  name ly  the  pene t r a t ion  dep th  r a t io  
d / r ,  fu l ly  descr ibes  the  f low geometry  of  the  model  ( the  va lue  d / r  = 1 
cor responds   t o   t he   unsepa ra t ed   f l ow  conf igu ra t ion ) .   S ince   d / r  i s  
s t rongly dependent  upon the  a l r eady  e s t ab l i shed  pa rame te r s  con t ro l l i ng  
the problem it w i l l  b e  t r e a t e d  as an  unde te rmined  quan t i ty  in  the  fo l -  
l owing  theo re t i ca l  ana lys i s .  
3.4 U t i l i z a t i o n  of t h e  Flow Model 
3 .4 .1   Linear ized  Theory  for   Supersonic  . " - Flow . -. . " 
F o r  t h e  r e s t r i c t i o n s  t h a t  t h e  Mach number is g r e a t e r  t h a n  u n i t y  
( b u t  n o t  c l o s e  t o  u n i t y )  a n d  less t h a n  t e n ,  l i n e a r i z e d  s u p e r s o n i c  
theory can be u s e d  t o  c a l c u l a t e  t h e  wave d r a g  i n  t h e  model.  This 
c a l c u l a t i o n  is an  a l t e rna t ive  to  the  shock-expans ion  method presented  
i n  t h e  p r e c e d i n g  s e c t i o n .  For t h e  a c t u a l  c o n f i g u r a t i o n  shown i n  
Diagram 2 t h e  d r a g  f o r c e  due t o  wave drag  i s  given by (Ref.  46) 
D - P U2bL ( 4MT) 4 (%) t a n  ( a ) .  wave 2 e e  
e 
The advantage of us ing  l i nea r i zed  theo ry  is t h a t  t h i s  r e l a t i v e l y  
s imple expression (eqn.  2 )  is  f o u n d  f o r  t h e  wave drag .  
The d r a g  f o r c e  c o n t r i b u t i o n  o f  t h e  s e p a r a t e d  s h e a r  l a y e r  i s  
t r e a t e d  u t i l i z i n g  t h e  method presented  by Lamb (Ref.   33).  Lamb ana- 
lyzed  theore t ica l ly  the  deve lopment  of  a two-dimensional f ree  t u r -  
b u l e n t  s h e a r  l a y e r  f r o m  a n  a r b i t r a r y  i n i t i a l  v e l o c i t y  p r o f i l e .  The 
t h e o r e t i c a l  model f o r  t h e  d e v e l o p i n g  f ree  s h e a r  l a y e r  i s  shown i n  
Diagram  3. 
j - s t r e  
Y 
amline 
Diagram 3. Model for Developing Free Shear Layer 
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The d rag  fo rce  a long  the  d iv id ing  s t r eaml ine  i s  given by 
Dm i x   i n g  = dx 
Equation ( 3 )  can  be  r ea r r anged  to  
where 
and 
Lamb shows t h a t  J is  r e l a t e d   t o   t h e   i n t e g r a l  I by 
j jrl 
P 
Separating t h e  v a r i a b l e s  i n  e q u a t i o n  ( 6 )  and  then  in t eg ra t ing  y i e lds  
I . .  
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. ." 
rl is ca l l ed  the  pos i t i on  pa rame te r  and  is  e q u a l  t o  %G 
P 
where 
The re la t ionship   be tween  and  J, was obta ined  by Lamb by applying 
the   Navier   -S tokes   equat ions   to   the   d iv id ing   s t reaml ine .  The 
i n t e g r a l  I f o r  t h e   , i s o e n e r g e t i c  case is  
P 
j n  
P 
where 
and 
where ($2 i s  t h e  i n i t i a l  v e l o c i t y  p r o f i l e  a t  s e p a r a t i o n .  S u b s t i t u t i n g  
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from equat ion  ( 7 )  i n t o  e q u a t i o n  (4) y i e l d e d  
Dmixing e e = p u 2 b ( l  - C 2 >  I e n  j,,' 
P 
Adding Dwave and Dmixing a n d  s u b s t i t u t i n g  t h i s  q u a n t i t y  i n t o  t h e  ex- 
p re s s ion  fo r  t he  no tch  d rag  coe f f i c i en t  [ equa t ion  (111 y i e l d s  
4 c d - $ [ / M T ( $ )   
e 1" L 
Equation ( 1 0 )  was eva lua ted  fo r  va r ious  va lues  of r / L  and f o r  repre-  
s e n t a t i v e  v a l u e s  of 6, and C . The va lues  o f  I were c a l c u l a t e d  e j 
,,P 
u s ing  the  IBM 7094 d i g i t a l  computer operated by the Department of 
Computer Sciences a t  t h e  U n i v e r s i t y  o f  I l l i n o i s .  
I t  can  eas i ly  be s e e n  t h a t ,  as d / r  -+ 1 t h e r e  w i l l  be no contribu- 
t i o n  due t o  t h e  s h e a r  d r a g  of the mixing region and the're i s  on ly  the  
wave drag which now becomes 
3.4.2 Shock-Expansion  Theory 
R e s t r i c t i n g  o u r s e l v e s  t o  t h e  c o n d i t i o n s  of e s sen t i a l ly  non- sepa ra t ed  
flow ( d / r  1) and cons ider ing  only  the  wave drag ,  w e  exp res s  the  d rag  
coe f f i c i en t  ( eqn .  1) i n  t h e  form 
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U 
- M2 K 2 e  
Ca lcu la t ions  (us ing  t abu la t ed  func t ions )  have  been  made f o r  a 7 O  v-notch 
a n d  t h e  r e s u l t s  are p l o t t e d  i n  F i g .  7 f o r  a Mach number range of  1 .33 
t o  2.0. The d r a g  c o e f f i c i e n t  is  eva lua ted  on ly  down t o  a Mach number 
o f  1 .33  because a t  t h i s  v a l u e  f o r  Me and S-2 7 O  the  shock wave a t  t h e  
v e r t e x  o f  t h e  n o t c h  i s  about  to  de tach  f rom the  corner .  
3.4.3 S D e c i a l  Fea tu res  of the  Transonic  Problem 
A s i m p l i f i e d  m o d e l  f o r  t h e  a n a l y s i s  o f  t h e  d r a g  f o r c e  o f  a v-notch 
can be c o n s t r u c t e d  f o r  t h e  t r a n s o n i c  f l o w  r e g i m e  ( b u t  w i t h  M g r e a t e r  
t h a n  u n i t y )  i f  severa l   assumpt ions  are made. F i r s t ,  it is  agsumed t h a t  
the  notch  angle  i s  small ( l e s s  t h a n  loo) s o  t h a t  t h e r e  i s  l i t t l e  i f  any 
sepa ra t ed  f low nea r  t he  ve r t ex  o f  t he  no tch  (hence  d / r  = 1). Secondly, 
it is assumed t h a t  wall shea r  d rag  ( and  mix ing  shea r  d rag  i f  p r e s e n t )  
i s  small as compared t o  wave drag. The flow  model,  which  consists  of a 
two-dimensional symmetrical  v-shaped notch with an inviscid flow ap- 
proaching  the  notch ,  is shown i n  Diagram 4. 
Diagram  4. Transonic  Flow Model 
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The concep t  o f  t h i s  f l ow model is  more c lear ly  demonst ra ted  i f  
the change i n  t h e  f l o w  f i e l d  is  considered as M i s  decreased from a 
supersonic   va lue  of approximately two t o  u n i t y .  The d r a g  c o e f f i c i e n t  
f o r  t h i s  n o t c h  is given by eqn. 11. 
e 
i )  " Mach Freeze  Concept ~ ~ f o r  ~ . Low Supersonic  Approach Mach Number 
For the example (3.4.2) previously considered (S2 = 7O) when 
the approach Mach number is  less than  1 .33  the  shock  wave, 
which was assumed t o  be  loca ted  a t  t h e  vertex o f  t he  no tch ,  
must be detached from t he  ve r t ex  and  loca ted  fu r the r  ups t r eam.  
This is  e x a c t l y  t h e  phenomenon which can be  obse rved  in  the  
photographs i n  Fig. 3. I n  o r d e r  t o  fac i l i t a te  t h e   c a l c u l a -  
t i o n  o f  t h e  d r a g  c o e f f i c i e n t  i n  t h e  r e g i o n  1 . 0  < Me < 1.33  
f o r  a seven  degree  notch ,  the  Mach number f reeze  concept  f irst  
proposed by  Bryson  (Ref. 5 )  is used. The b a s i s  o f  t h i s  con- 
cept  is  t h a t  f o r  f ree  stream Mach numbers nea r  one  the  loca l  
Mach number a t  a f i x e d  l o c a t i o n  is approximately constant .  
When th i s  concep t  i s  a p p l i e d  t o  t h i s  f l o w  model t h e  free 
stream Mach number, as fa r  as t h e  Mach f reeze  concept  is con- 
cerned, i s  M ,  w h i l e   t h e   l o c a l  Mach number is M,. Then, as- 
suming a cons t an t  Mach number M a f t e r  the shock wave f o r  Me 
cor responding  to  1 .33  and  M, = 1.575,  t h e  p r e s s u r e  r a t i o  
Pp/Pstag.  has a constant   value.   This  must mean t h e n ,   t h a t   t h e  
shock wave detaches from the ver tex of  the notch and changes 
the  ang le  which it makes wi th  the  f low d i r ec t ion  so as t o  g i v e  
a cons t an t  va lue  o f  P,/Pstag, as Me decreases  f rom 1.33 to  1.0. 
The d r a g  c o e f f i c i e n t  c a l c u l a t e d  u s i n g  t h e  Mach f reeze  concept  
is a l s o  p l o t t e d  i n  F i g .  7 f o r  1 < Me < 1.33: 
ii) Transonic  . ~. S i m i l a r i t y   R e l a t i o n s  
The c o r r e l a t i o n  o f  d r a g  c o e f f i c i e n t s  i n  t h e  t r a n s o n i c  f l o w  
regime is  gene ra l ly  done  by u t i l i z i n g  t h e  t r a n s o n i c  s i m i l a r i t y  
parameters ,  fl and 4 . 
The s i m i l a r i t y  p a r a m e t e r s  and 8 are obtained from the t ran-  
s o n i c  similarity law (Ref.  46).  
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4. DRAG FORCE DUE TO BOUNDARY LAYER 
E H A B I L I T A T I O N  DOWNSTREAM OF THE 
V-NOT CH 
P a r t  of t h e  c o n t r i b u t i o n  t o  t h e  d r a g  f o r c e  o f  a v-shaped notch 
is  t h e  i n c r e a s e d  s k i n  f r i c t i o n  on t h e  f l a t  s u r f a c e  downstream from 
the notch due t o  t h e  r e d e v e l o p i n g  s h e a r  l a y e r .  A s  c an  bee  seen  in  
Figs.  2 ,  3 , 4, and 5 t h e r e  i s  near ly  always a reg ion  of  separa ted  
f low ins ide  o f  t he  no tch  which causes a d i s t o r t e d  ( i n  c o m p a r i s o n  t o  
t h e  f u l l y  d e v e l o p e d  t u r b u l e n t  v e l o c i t y  p r o f i l e )  v e l o c i t y  p r o f i l e  at 
the end of the  notch .  
A p r e d i c t i o n  o f  t h e  v a r i a t i o n  o f  t h e  d r a g  f o r c e  i n  t h i s  r e g i o n  
can be based on the concepts of boundary layer development within 
shear  f low reg ions  ( R e f .  31) where t h i s  development i s  r e l a t e d  t o  
the  shear  layer  deve lopment  ins ide  of  the  notch .  
The l i m i t a t i o n s  i n t r o d u c e d  by s impl i fy ing  assumpt ions  and  the  
demons t r a t ed  need  o f  expe r imen ta l  r e su l t s  fo r  t he  ex ten t  o f  t he  
sepa ra t ion  r eg ion  (pene t r a t ion  dep th )  and  the  unce r t a in t i e s  c rea t ed  
by mutua l  i n t e rac t ions  o f  f low components d e l i n e a t e d  i n  S e c t i o n  2 . 2  
stress t h e  n e e d  f o r  o b t a i n i n g  accurate exper imenta l   da ta .  Such d a t a  
are n e e d e d  f o r  g a i n i n g  b e t t e r  i n s i g h t  i n t o  i n d i v i d u a l  f l o w  p r o b l e m s  
and i n t e r a c t i n g  components, but most of a l l ,  t o  e v a l u a t e  t h e i r  com- 
p o s i t e  effect  on  the  over -a l l  d rag  of  v-shaped  notches .  
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5. EXPERIMENTAL FACILITIES 
5 .1  Blowdown  Wind Tunnels 
The experimental  work was c a r r i e d  o u t  i n  t h e  s u p e r s o n i c  a n d  t r a n -  
son ic  blowdown wind t u n n e l  o p e r a t e d  j o i n t l y  by the Department of Mech- 
an ica l  and  Indus t r ia l  Engineer ing  and  the  Depar tment  of  Aeronaut ica l  
Engineer ing.  This  tunnel  is loca ted  in  Aeronaut ica l  Labora tory  B a t  
t h e  U n i v e r s i t y  of I l l i n o i s ,  Urbana, I l l i n o i s .  The  blowdown tunne l  w a s  
suppl ied  wi th  a i r  from a sys tem of  s torage  tanks  wi th  a t o t a l  c a p a c i t y  
of approximately 2500 c u b i c  f e e t .  The s torage tank system was f i l l e d  
by using a 125 horsepower a i r  compressor pumping up t o  a maximum pres-  
sure of 115 psig.  Approximately one-half  of an hour was r e q u i r e d  t o  
f i l l  t h e  s t o r a g e  t a n k  s y s t e m  t o  i ts  capac i ty  a t  115  p s i g .  
5 . 1 . 1  Supersonic 
The supersonic  tes t  s e c t i o n  had an area of 8 square inches and 
a l lowed observa t ion  through g lass  s ide  windows and could be operated 
with s tagnat ion pressures  between 13 psig and approximately 60 ps ig .  
The s tagnat ion temperature  var ied between 50 F and 90 F depending on 
the  ambient   condi t ions,   s tagnat ion  pressure  and  run-t ime.  The maximum 
run  t ime  fo r  t he  supe r son ic  tunne l  was approximately four  minutes  for  
low s t a g n a t i o n  p r e s s u r e s  ( l e s s  t h a n  25  ps ig)  and  one  minute  for  the  
h ighe r  s t agna t ion  p res su res  (g rea t e r  t han  35 p s i g ) .  The t e s t  s e c t i o n  
Mach number was 1 . 9 6  b u t  v a r i e d  s l i g h t l y  w i t h  t h e  s t a g n a t i o n  p r e s s u r e .  
A t  a s tagnat ion  pressure  of  about  30 ps ia  and  a s tagnat ion  tempera ture  
of 50 F t h e  t u n n e l  had a Reynolds number p e r  f o o t  o f  9 x lo6. 
5 . 1 . 2  Transonic 
A t r a n s o n i c  t e s t  s e c t i o n  w i t h  r e c t a n g u l a r  c r o s s  s e c t i o n  was a l s o  
used where t h e  s i d e  walls c o n s i s t e d  o f  g l a s s  p l a t e s  s u i t a b l e  f o r  o p t i c a l  
s tud ies  whi le  the  top  and  bot tom walls were s l o t t e d .  For the  purpose 
o f  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  s l o t t e d  w a l l  a t  the bottom w a s  rep laced  
by  a s o l i d  wall i n t o  which the notch models  or t he  ba l ance  ca r ry ing  the  
drag models  could be instal led.  The r e d u c t i o n  i n  t h e  wall permeabi l i ty  
was p e r m i s s i b l e  d u e  t o  t h e  small e f f e c t i v e  b l o c k a g e  e f f e c t s  o f  t h e  
models. The Mach number a t  t h e  t e s t  s e c t i o n  c o u l d  b e  v a r i e d  from  ap- 
proximate ly  0 .5  to  1 . 2  by changing  the  tunnel  s tagnat ion  pressure .  No 
d i r e c t  means o f  con t ro l l i ng  the  Reyno lds  number is p o s s i b l e  i n  t h i s  
range.  The momentum thickness Reynolds number a t  the  beg inn ing  o f  t he  
t e s t  s e c t i o n  v a r i e d  from 7 8 0 0  t o  9500 f o r  t h e  s t a t e d  Mach number va r i a -  
t i o n .  The maximum runn ing  t ime  fo r  t he  t r anson ic  t es t  s e c t i o n  was ap- 
proximately one and one-half minutes a t  the  h ighe r  Mach numbers (1 -f 1 .2 )  
and about  three minutes  a t  t h e  l o w e r  ( l e s s  t h a n  0.9) Mach numbers. 
5.2.   Design  of  the Drag  Force  Balance 
For t h e  p u r p o s e  o f  t h i s  s t u d y  a drag  force  ba lance  was designed and 
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cons t ruc ted .  A schematic  diagram of the  ba l ance  is shown i n  F i g .  8. 
The b a l a n c e  c o n s i s t s  o f  a f l o a t i n g  e l e m e n t  w i t h  s t r a i n  g a g e s  mounted 
on  the  f l exure  beams. Labyrinth seals are p laced  be tween the  f loa t -  
ing element  and the balance base.  A photograph of  the drag balance 
is  given as Fig.  1 0 .  
The d rag  fo rce  ba l ance  was ex tens ive ly  t e s t ed  fo r  p rec i seness  and  
accuracy. A t y p i c a l   c a l i b r a t i o n   c u r v e  is shown i n   F i g .  9 .  Many read- 
ings  were t a k e n  t o  e s t a b l i s h  t h e  c u r v e  a n d  t h e  d a t a  were r e p e a t a b l e  t o  
wi th in  2 y6. The c a l i b r a t i o n  c u r v e  w a s  l i n e a r  i n  t h i s  f o r c e  r a n g e ,  as 
was expected,  and  passed  through  zero.  The ca l ib ra t ion   cons t an t ,   f rom 
the  curve ,  was 
- 
K = 0.1314 g rams /d ia l  un i t .  
The d rag  fo rce  ba l ance  was a l so  t e s t ed  ae rodynamica l ly  by using a 
f l a t  p l a t e  model 4 inches long and 2.5 inches wide.  This  tes t ing was 
conducted t o  d e t e r m i n e  t h r e e  b a s i c  c h a r a c t e r i s t i c s  of t h e  i n d i c a t o r :  
i )  accuracy 
i i )   p l a t e   m i s a l i g n m e n t   e f f e c t s  
i i i )   e f f e c t i v e n e s s   o f   t h e   l a b y r i n t h  seals.  
5 . 2 . 1  Accuracy 
Before  the  accuracy  of  the  ba lance  could  be  ver i f ied  the  boundary  
l a y e r  a t  the  beg inn ing  o f  t he  f l a t  p l a t e  had to  be  de f ined .  Ve loc i ty  
t r a v e r s e s  were made wi th  a small probe (0 .018  i n c h e s  t h i c k )  on t h e  
f l o o r  o f  t h e  t u n n e l  a t  the  beginning  of  the  test  s e c t i o n .  The r e s u l t s  
o f  t h e s e  t r a v e r s e s  are shown in  Tab le  1 and Fig.  11. 
Fig. 11 i s  a p l o t  i n d i c a t i n g  t h a t  t h e  o u t e r  p o r t i o n  ( y / 6  > 0.3)  
of the boundary layer  did have a 1 /7  s lope  and  was rep resen ta t ive  o f  a 
ful ly  developed compressible  turbulent  boundary layer .  
Fig.  1 2  i s  a g raph ic  compar i son  o f  t he  ca l cu la t ed  (us ing  in t eg ra l  
t echn iques  g iven  in  R e f .  27) R e e  a t  t h e  s ta r t  o f  t he  f l a t  p l a t e  model 
and  the  measured R e  a t  t h e  same l o c a t i o n  as a func t ion  of  s tagnat ion  
p res su re .  Table 2 contains   measured  and  calculated  values  a t  the  begin-  
n ing  of  the  tunnel  test  s e c t i o n .  
e 
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TABLE 1 
SUPERSONIC  TURBULENT BOUNDARY LAYER CHARACTERISTICS 
AT THE BEGINNING OF THE TEST  SECTION 
p s i a  
~~ 
. ~~ ~ 
34.0 
39.95 
44.6 
49.4 
-~ - 
0.147 
~~ 
~~ 
0.147 
0.146 
0.144 
- "" 
0.0104 I 3.33 1 8.13 x l o 6  I 8855 I 
0.0099 I 3.34 I 8.36 x l o 6  1 9966 
o . 0 0 9 8 1  3.31  10.6 x l o 6  10944 
0.00939 I 3.30 1 11.5 x l o 6  I 11685 1 
TABLE 2 
COMPARISON OF CALCULATED AND MEASURED BOUNDARY 
LAYER QUANTITIES AT THE END OF THE SPLITTER PLATE 
- .~ . .. - ~ .~ 
.1. 
6", i n .  H 8 ,  i n .  
ps  i a  meas. calc.  meas . calc. meas. calc. 
I 34.0 
3 .31  2.9 0.0098 0.0101 0.0325  0.029  44.6 
3.34 2.90 0.0099  0.0103 ~ 0.033  0.0299 
3 9 . 9 5 .  
3.33 2 .91  0.0104 0.0105 0.035 0.0306 
"_ ~" 
"" 
1 4 9 . 4  3.30 2.89 0.0094  0.0099 0.0309  0.0286 
I 
The r e s u l t s  o f  t h e  t r a n s o n i c  v e l o c i t y  t r a v e r s e s  were similar t o  
t h o s e  t a k e n  f o r  s u p e r s o n i c  flow and the  ve loc i ty  prof i les  had  a shape 
similar t o   t h o s e   f o r   t h e   s u p e r s o n i c   r e g i m e .  R e  a t  the   beginning  of 
t h e  f l a t  p l a t e  model is  p l o t t e d  i n  Fig.  1 3  and  o the r  da t a  is given i n  
T a b l e  3 .  
e 
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TABLE 3 
TRANSONIC  BOLNDARY LAYER CHARACTERISTICS 
AT THE B E G I N N I N G  OF THE TEST SECTION 
. . ~~ 
.1. 
Me 8 ,  i n .  
Re  H 6", i n .  e 
~~~- 
~~~ 
0.606 
1.433 I 7920 1 0.0331 0.023 "" 
0.91 
9350 I 1.683 0.0346 0.0206 
1.11 85  30 1.838 0.0287 0.0156 
"-
1.24 1 . 9 0 2 )  8270 1 0.0242  0.0127 
F l a t  p l a t e  d r a g  c o e f f i c i e n t s  h a v e  b e e n  p l o t t e d  i n  F i g .  14 with  Ree 
as t h e   a b s c i s s a .  rf is  def ined  by 
- Drag Force c =  f 
%peu:b(x2 - xl) 
and is  de f ine  by e 
Two curves are shown i n  F i g .  14 which are e m p i r i c a l  e q u a t i o n s f o r  - 
C f .  The one label led  Cul ick-Hil l -Howell  was d e r i v e d  i n  R e f .  24 and is  
based on  momentum-integral  techniques. The curve  labelled  Spalding-Chi 
was o b t a i n e d  u s i n g  r e s u l t s  p r e s e n t e d  i n  R e f .  (38). From t h e s e  r e s u l t s  
it i s  seen  tha t  t he  accu racy  of t h e  measurements made by t h e  b a l a n c e  
are wi th in  r easonab le  limits. 
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5.2.2 Plate   Misal ignment  - Effects 
Some tests were run wi th  the  drag  ba lance  where  the  f l a t  p l a t e  
model was in t en t iona l ly  misa l igned  wi th  the  ba l ance  base .  The r e s u l t s  
of t h e s e  tests showed t h a t  t h e r e  was about  a 10% devia t ion  f rom the  
al igned  value  with  approximately 0.003 inches  misalignment.   This de- 
v i a t i o n  was somewhat less t h a n  t h a t  r e p o r t e d  by O'Donnel and West- 
kaemper (Ref. 40) who repor ted  about  16% dev ia t ion  a t  0.003 inches  m i s -  
al ignment a t  a Mach number e q u a l  t o  two. The misalignment effects 
r epor t ed  he re  however cannot be compared on an absolute basis to those 
r epor t ed  by O'Donnel and Westkaemper because of the difference in the 
order  of  magni tude of  the forces  which were measured ,  bu t  the  qua l i -  
t a t i v e  effects were i d e n t i c a l .  
5 .2 .3 .  E f fec t iveness  ~~~ of the   Labyr in th   Sea ls  
" ~ 
During  the  tes t ing  of  the  drag  force  ba lance  severa l  o f  the  pres -  
su re  d i s t r ibu t ions  a long  the  ups t r eam and  downstream faces were p l o t t e d  
i n  o r d e r  t o  d e t e r m i n e  i f  t h e  l a b y r i n t h  seals were e f f e c t i v e .  The p l o t s  
d i s c l o s e d  t h a t  i f  approximately 0 . 0 0 3  inches seal  c learance  were main- 
t a ined  then  the  p re s su re  a long  the  model faces was cons t an t .  Tests 
were run  wi th  and  wi thout  the  seals f o r  t h e  f l a t  p l a t e  model and there 
w a s  e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  i n d i c a t e d  d r a g  f o r c e .  
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6. EXPERIMENTAL RESULTS 
6 .1   SeDara t ion   Poin t   Loca t ion  
Seve ra l  methods were u s e d  t o  l o c a t e  t h e  p o i n t  o f  s e p a r a t i o n  
ins ide  the  v-shaped  notches .  Schl ie ren  photographs  were taken  of  
t h e  f l o w  f i e l d s  i n  s u p e r s o n i c  a n d  t r a n s o n i c  f l o w  f o r  many of  t h e  v- 
shaped   no tches   t es ted .  From these  photographs  approximate  separa-  
t i o n  l o c a t i o n s  were measured  and  recorded.  Typical  photographs are 
shown i n  F i g s .  2 ,  3 ,  4, and 5. 
For many of the notch shapes models were cons t ruc ted  wi th  pres -  
su re  t aps  ( approx ima te ly  40) a long  the  bot tom of  the  notch  s o  t h a t  
s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  c o u l d  b e  m e a s u r e d  i n  t h e  n o t c h .  A 
t y p i c a l  n o t c h  p r e s s u r e  d i s t r i b u t i o n  is  shown i n  F i g .  6 f o r  a two- 
inch ,  ten  degrees  notch  wi th  a f ree  s t ream Mach number of 1.96. The 
approximate  separa t ion  and  rea t tachment  poin ts  are also i n d i c a t e d  i n  
Fig.  6. 
A t h i r d  method t h a t  was u s e d  t o  l o c a t e  t h e  p o i n t  o f  s e p a r a t i o n  
w a s  t h e  o i l  f i l m  t e c h n i q u e .  I n  t h i s  method a t h i n  f i l m  o f  heavy o i l  
( s t e a m  c y l i n d e r  o i l )  was p l a c e d  a l o n g  t h e  s e p a r a t i n g  s u r f a c e  b e f o r e  
t h e  t es t .  During the t e s t  a t h i n  l i n e  o f  o i l  a c c u m u l a t e d  a t  t h e  
s e p a r a t i o n  p o i n t .  The l o c a t i o n  o f  t h i s  l i n e  was then recorded by 
observ ing  i t s  p o s i t i o n  r e l a t i v e  t o  t h e  p r e s s u r e  t a p s .  
The r e s u l t s  f r o m  all t h r e e  methods are shown i n  Fig.  1 5  f o r  a 
two-inch  long  notch. The i n d i v i d u a l  r e s u l t s  f r o m  t h e  d i f f e r e n t  t e c h -  
n i q u e s  a r e  n o t  d i f f e r e n t i a t e d  i n  F i g .  1 5  b u t  t h e  t h r e e  methods were 
a l l  in  c lose  ag reemen t .  
6.2.  Drag  Coefficient  Measurements 
6.2.1  SuDersonic Drag Coef f i c i en t s  
For  each  of  the  notches  tes ted  two c o r r e c t i o n s  were made t o  t h e  
ind ica t ed  d rag  fo rce .  Diagram 5 d e p i c t s  t h e  f o r c e s  a c t i n g  on t h e  
model  during the test .  
- 
P is the  ave rage  p res su re  ac t ing  on  the  area A i n  t h e  up- 
strearnumodel gap and Fd i s  the  average  pressure  ac t ing  on  the  area 
A i n  t h e  downstream  model  gap. The first c o r r e c t i o n  term was t h a t  of 
.tge f o r c e ,  F ac t ing   on   t he  two model faces p e r p e n d i c u l a r   t o   t h e  
free stream. 
g 
AP , 
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Drag  Balance Model Drag  Balance 
Base 
Diagram 5. Drag Force Correct ion T e r m s  
F is g iven  by 
AP 
where A i s  t h e  area over   which   the   average   p ressures  ac t .  The 
second correct ion which was made t o  t h e  i n d i c a t e d  d r a g  f o r c e  r e a d i n g  
a c c o u n t e d  f o r  t h e  f r i c t i o n  d r a g  a c t i n g  on t h e  f l a t  p l a t e  p o r t i o n  o f  
t h e  model .   This   correct ion term, Fsh, i s  g iven  by 
g 
where cf is t h e  a v e r a g e  d r a g  f o r c e  c o e f f i c i e n t  a c t i n g  on t h e  s u r f a c e  o f  
l eng th  Ax. 
The n e t  d r a g  f o r c e  FN of the  no tch  then  is given by 
FN = F - F  - F  balance sh Ap 
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where Fbalance is the  r ead ing  ob ta ined  from the  d rag  fo rce  ba l ance  
d u r i n g  t h e  test. 
For  each model  tes ted in  the supersonic  sect ion the Reynolds  
number was t h e  o n l y  q u a n t i t y  t h a t  c o u l d  b e  v a r i e d .  The r e s u l t s  are 
p l o t t e d  i n  F i g s .  1 6 ,  17, 18,  and 19 w i t h  t h e  n o t c h  d r a g  c o e f f i c i e n t  
as t h e  o r d i n a t e  a n d  t h e  Ree  number as the  absc i s sa  wi th  no tch  l eng th  
and  angle as parameters .  The e f f e c t  o f  t h e  s h e a r  l a y e r  t h i c k n e s s  
on t h e  d r a g  c o e f f i c i e n t  i s  d e p i c t e d  i n  F i g .  20 .  
6 .2 .2 .   Transonic  Drae: C o e f f i c i e n t s  
For  the  t r anson ic  tests t h e  main v a r i a b l e  was t h e  Mach number 
and t h e r e  was no d i r ec t  con t ro l  ove r  t he  Reyno lds  number. The p r i -  
mary r e s u l t s ,  dFag c o e f f i c i e n t  as a func t ion  o f  Mach number, a r e  
p lo t t ed  in  F igs .  24 ,  25,  and 26 with notch length and notch angle  
as parameters .   Fig.  32  shows t h e  e f f e c t s  o f  t h e  s h e a r  l a y e r  t h i c k -  
nes s ,  0 / L ,  on t h e  d r a g  c o e f f i c i e n t  w i t h  Mach number as a parameter.  
6.3 Drag Force Test fo r  De te rmin ing  the  F r i c t ion  Drag o f  t h e  
Downstream Redevelopment 
A series of  tests were conducted i n  t h e  s u p e r s o n i c  test s e c t i o n  
i n  o r d e r  t o  d e t e r m i n e  t h e  i n f l u e n c e  o f  t h e  n o t c h  o n  t h e  f r i c t i o n  
d r a g  f o r c e  a c t i n g  on t h e  f l a t  p l a t e  p o r t i o n  downstream from the  no tch .  
This  effect  was determined by p l ac ing  the  no tch  a t  d i f f e r e n t  l o c a t i o n s  
on t h e  model i n  the  d rag  fo rce  ba l ance .  Fo r  each  t e s t  t h e  same 
notch geometry was used but  the notch was p l a c e d  p r o g r e s s i v e l y  f u r t h e r  
upstream for  each tes t .  
r TL- 
L-  Pd I 
Drag  Balance  Model   Base
Fs h e e  
= +p u2AXbcf 
F ( expe r imen ta l   da t a )  N 
Diagram 6. Redevelopment Drag Force Correction T e r m s  
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Not only  were  the two c o r r e c t i o n s  F and Fsh made t o  t h e  i n -  
d i ca t ed  d rag  fo rce  Fbalance as descr ibedAPin P a r t  B above ,  bu t  a l so  
t h e  c o r r e c t i o n  term f o r  t h e  d r a g  f o r c e  c r e a t e d  by the  notch  was 
made. T h i s  a d d i t i o n a l  c o r r e c t i o n  term FN is i l l u s t r a t e d  i n  Diagram 
6 and i t s  va lue  was de te rmined  f rom the  r e su l t s  ob ta ined  in  the  
supe r son ic  no tch  t e s t s .  The shea r  fo rce  Fsmd, on  the  f l a t  s u r f a c e  
of t h e  model a f t e r  t h e  n o t c h  is given by 
The r e s u l t s  from t h i s  t e s t  a r e  p l o t t e d  i n  F i g .  33. 
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7. DISCUSSION OF RESULTS 
The e x p e r i m e n t a l  r e s u l t s  shown i n  F i g s .  20 and 32 i n d i c a t e  t h a t  
the Reynolds number e f fec t  i s  of minor importance when compared wi th  
t h e  o t h e r  v a r i a b l e s .  F o r  t h e  s u p e r s o n i c  r e s u l t s  shown i n  F i g .  20 i t  
is  clear t h a t  t h e  n o t c h  a n g l e  i s  a s i g n i f i c a n t  f a c t o r  i n  t h e  d e t e r -  
m i n a t i o n  o f  t h e  d r a g  c o e f f i c i e n t  f o r  8 / L  < 0 .02  w h i l e  f o r  8 /L  > 0 .02  
it is  independent  of  the  notch  angle .  A similar t r e n d  for t r a n s o n i c  
flow can be observed in  Fig.  32 ,  however, t h e  v a l u e  o f  0 /L  where t h e  
d r a g  c o e f f i c i e n t  becomes independent of notch angle is s e e n  t o  b e  a 
f u n c t i o n  o f  Mach number. For t h i s  r e a s o n  t h e  r e s u l t s  of t h i s  i n -  
v e s t i g a t i o n  are d iscussed ,  for  any  g iven  Mach number, u t i l i z i n g  8 / L  
as t h e  p r i m a r y  v a r i a b l e  i n d i c a t i n g  t h e  s h e a r  l a y e r  effect  whi le  the  
momentum thickness  Reynolds  number w i l l  b e  t r e a t e d  as a secondary 
v a r i a b l e .  
For purposes  of  d i scuss ion  a thin approaching boundary layer  is 
one i n  which e / L  is  small enough s o  t h a t  t h e  n o t c h  a n g l e  a f f e c t s  t h e  
d r a g  c o e f f i c i e n t  w h i l e  a thick approaching boundary layer  is  one 
where t h e  n o t c h  d r a g  c o e f f i c i e n t  i s  independent  of  the notch angle .  
From Figs .  20 and 32 estimates o f  t h e  v a l u e s  o f  8 / L  f o r  t h i n  and t h i c k  
boundary  layers   can  be made. For 1.1 < Me < 2 ,  
t h i n   t h i c k  
w h i l e  f o r  a subsonic  Mach number o f  0 .6  
t h i n  ("thick 
7 . 1  Thin  Approaching  Boundary  Layers 
7 . 1 . 1  Supersonic   Resul t s ,  M E 2 e 
i )  Reynolds Number Effect 
All o f  t h e  v-shaped  notches  tes ted  in  the  supersonic  
(M 1 . 9 5 )  regime  with  thin  approaching  boundary  layers  
e & i b i t e d  a n  effect  on t h e  d r a g  f o r c e  c o e f f i c i e n t  f o r  a 
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change i n  t h e  Reynolds number. The no tch  d rag  coe f f i c i en t s  
f o r  s u p e r s o n i c  f l o w  are p l o t t e d  i n  Figs .  1 6 ,  1 7 ,  and 18. I n  
o r d e r  t o  o b t a i n  a Reynolds number v a r i a t i o n  i n  t h e  wind tunnel  
t h e  s t a g n a t i o n  p r e s s u r e  w a s  va r i ed .  The change i n  s t a g n a t i o n  
p res su re  also caused a change i n  t h e  momentum th i ckness  of 
the boundary layer  s o  t h a t  t h e  effect  shown i n  Figs .  1 6  , 1 7 ,  
and 18  is  a combined Reynolds number effect  and  shea r  l aye r  
t h i ckness  effect .  I n  o r d e r  t o  i s o l a t e  t h e  Reynolds  number 
effect t h e  d a t a  was r e p l o t t e d  i n  Fig.  20 f o r  c o n s t a n t  v a l u e s  
of t h e  Reynolds number a t  v a r i o u s  s h e a r  l a y e r  t h i c k n e s s e s .  
T h i s  f i g u r e  i n d i c a t e s  t h a t  f o r  a c o n s t a n t  s h e a r  l a y e r  t h i c k -  
nes s  and  no tch  ang le  the  d rag  coe f f i c i en t  i nc reases  wi th  in -  
creasing Reynolds number for  th in  approach  boundary  layers .  
i i )  Notch  Angle Effect 
The change i n  d r a g  c o e f f i c i e n t  c a u s e d  by a change i n  t h e  
notch  angle  can  be most ea s i ly  obse rved  in  F ig .  1 9 .  I n  t h e  
range  of  var iab les  cons idered  here  ( L  = 3.5 inches, 2.25 
inches ,  and  0 .375  inch  for  th in  boundary  layers )  the  notch  
d rag  coe f f i c i en t  i nc reased  wi th  inc reas ing  no tch  ang le  fo r  a 
given  notch  length.  Also shown i n  F i g .  1 9  are the   d rag  co- 
e f f i c i en t s  es t imated  by us ing  inv i sc id  l i nea r i zed  supe r son ic  
theory  for half-diamond-shaped prof i les .  
The progress ive  devia t ion  of  the  drag  coef f ic ien t  f rom the  
l i n e a r i z e d  t h e o r y  s o l u t i o n  as the  notch  angle  was inc reased  
demonstrated how the changing flow geometry reduced the drag 
c o e f f i c i e n t  f r o m  t h e  t h e o r e t i c a l  s o l u t i o n  b a s e d  on t h e  wall 
geometry. 
A compar ison  of  the  exper imenta l  resu l t s  wi th  the  so lu t ion  
obta ined  by using the proposed model fo r  supe r son ic  f low is 
shown i n   F i g .  22.  The s o l i d  l i n e s  i n  F i g .  22 r ep resen t   so lu -  
t i ons  o f  equa t ion  (10) using the proposed model and experi- 
menta l ly   de te rmined   pene t ra t ion   depth   ra t ios .  The s o l i d  
p o i n t s  i n  F i g .  22 are t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  d r a g  co- 
e f f i c i e n t  f o r  v a r i o u s  n o t c h  l e n g t h s  a n d  a n g l e s .  The agreement 
between the proposed model solution and the experimental  re- 
s u l t s  i s  sa t i s f ac to ry  cons ide r ing  the  a s sumpt ions  which are 
made i n  the  proposed  model. The c h a r a c t e r i s t i c  t r e n d s  o f  t h e  
s o l u t i o n  are i n t e r e s t i n g  t o  n o t e .  For a g iven  notch  length  
t h e  i n c r e a s e  o f  t h e  d r a g  c o e f f i c i e n t  f o r  a n  increase i n  notch 
angle above 13O is negl ig ib le  because  the  f low separa tes  c lose  
to  the  l ead ing  edge  o f  t he  no tch  making t h e  wave drag  cont r ibu-  
t i o n  small i n  comparison t o  t h e  s h e a r  d r a g  i n  t h e  d e v e l o p i n g  
s h e a r  l a y e r  r e g i o n .  The effect  of  decreas ing  the  notch  angle  
f o r  a g iven  notch  length  is a l so  demons t r a t ed  in  F ig .  22.  For 
very  th in  boundary  layers  ( e / L  = 0.003 o r  L = 3.5 i n c h e s )  t h e  
t h e o r e t i c a l  s o l u t i o n  c o u l d  b e  e x t r a p o l a t e d  t o  a maximum 
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p e n e t r a t i o n  d e p t h  ( d / r  -f 1) i n d i c a t i n g  t h a t  f o r  a long 
(3 .5  inches )  no tch  th i s  would occur f o r  a 6 O  notch angle .  
The r e l a t i o n  t o  f l a t  p l a t e  f r i c t i o n  d r a g  (Q -f 0 )  and t o  
f u l l y  s e p a r a t e d  f l o w  p a s t  a r ec t angu la r  cu tou t  ( s ee  F ig .  21)  
i s  shown i n  F i g .  23. 
i i i )   S h e a r   L a y e r  Effect 
For  th in  boundary  l aye r s  t he re  i s  an effect  on the  d rag  co- 
e f f i c i e n t  as the  geometry of the   no tch  is  changed.  Fig. 20 
i n d i c a t e s  t h a t  f o r  e a c h  n o t c h  a n g l e  as t h e  s h e a r  l a y e r  t h i c k -  
ness  was reduced  the  drag  coef f ic ien t  approached  a cons t an t  
va lue .  
7 .1 .2 .   Transonic   Resul ts ,  M = 0.6 t o   1 . 1 8  e 
For  the  resu l t s  ob ta ined  f rom the  t ransonic  f low reg ime the  bas ic  
experimental  parameters  are d i f f e r e n t  t h a n  t h e y  were i n  t h e  s u p e r s o n i c  
regime.  For  these tes ts  t h e r e  was no d i r ec t  con t ro l  ove r  t he  Reyno lds  
number s o  t h a t  i n  t h i s  r a n g e  o f  f l o w  v a r i a b l e s  it was n o t  p o s s i b l e  t o  
i s o l a t e  t h e  Reynolds  number effect .  However, t h i s  i n a b i l i t y  t o  e s t a b -  
l i s h  t h e  Reynolds number e f f e c t  was n o t  c r i t i c a l  s i n c e  as can be seen 
i n  F i g .  1 3 ,  Ree had  only a small var ia t ion  between 7800 a t  M = 0.6 
and 9100 a t  Me = 0 .09 .  The t h r e e  b a s i c  e f f e c t s  c o n s i d e r e d  i g  t h e  t r a n -  
sonic  reg ime for  th in  boundary  layers  are notch angle  , s h e a r .  l a y e r  
th ickness ,  and  Mach number. 
i)  Notch  Angle Effect  
For  the case of  a th in  approaching  boundary  layer  an  increase  
i n  n o t c h  a n g l e  r e s u l t e d  i n  a n  i n c r e a s e  i n  t h e  d r a g  c o e f f i c i e n t  
f o r  t h e  r a n g e  o f  v a l u e s  o f  Mach number t e s t e d .  T h i s  was in -  
d i c a t e d  by t h e  r e s u l t s  shown i n  F i g .  27  f o r  a 2.25-inch long 
notch.  The same resu l t s   can   be   observed   in   F igs .   24 ,  25 , and 
26 for  the 3.5- inch and 1- inch notches which are long enough 
t o  b e  i n  t h e  t h i n  boundary l a y e r  c l a s s i f i c a t i o n .  For t h e  
lower Mach number r ange  (0 .6  to  0 . 8 )  t h e  s h o r t e r  n o t c h e s  
(0.625- and 0.375-inch) are also i n  t h e  t h i n  a p p r o a c h i n g  
boundary  layer  c lass i f ica t ion  (F ig .  32)  and  the  same effect  on 
t h e  d r a g  c o e f f i c i e n t  for a change i n  t h e  n o t c h  a n g l e  is noted 
i n  € i g s  . 24, 25, and 26.  
The t r a n s o n i c  s i m i l a r i t y  p a r a m e t e r s  4 and # were introduced 
as c o r r e l a t i n g   p a r a m e t e r s   f o r   t h e   d r a g   f o r c e   c o e f f i c i e n t s .  The 
e x p e r i m e n t a l  r e s u l t s  from t h i s  i n v e s t i g a t i o n  were p l o t t e d  i n  
terms of   the   parameters  4 and # i n  F i g s .  2 9 ,  30,  and 31. I t  
can   be   no ted   f rom  these   f igures   tha t  A$ and are reasonable  
co r re l a t ing   pa rame te r s   fo r   t h in   app roach ing   l aye r s .  
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i i )   S h e a r  Layer Effect 
For the  t ransonic  f low reg ime the  same q u a l i t a t i v e  e ffect 
f o r  t h e  a p p r o a c h i n g  s h e a r  l a y e r  t h i c k n e s s  o n  t h e  n o t c h  d r a g  
c o e f f i c i e n t  was observed ,  however ,  the  resu l t s  a l so  ind i -  
c a t e d  t h a t  t h e  v a l u e  o f  t h e  momentum boundary  layer  th ick-  
ness f o r  which t h e  d r a g  c o e f f i c i e n t  becomes independent of 
t he  no tch  ang le  increases f o r  s u b s o n i c  Mach numbers. 
i i i )  Mach Number Effect  
The Mach number effect  o b s e r v e d  i n  t h i s  i n v e s t i g a t i o n  w a s  
t h e  most pronounced effect and is  i l l u s t r a t e d  i n  F i g s .  2 4 ,  
25 , 26,  and 27. It is obvious i n  Figs.  24, 25 , and 26 t h a t  
fo r  v -no tches  a maximum v a l u e  i n  Cd is  g o i n g  t o  o c c u r  f o r  a 
Mach number g r e a t e r  t h a n  one and t h a t  t h e  v a l u e  o f  Me where 
t h i s  maximum of cd occurs is going to  be dependent  on t h e  
notch angle .  
A model was p r o p o s e d  w h i c h  q u a l i t a t i v e l y  a c c o u n t s  f o r  t h i s  
s h i f t  i n  t h e  maximum value  of  the  drag  coef f ic ien t  near  
Mach number one. The Mach number a t  which the  shock de- 
t aches  in  the  v -no tch  i s  dependent upon the.  notch angle  and 
t h i s  r e l a t i o n s h i p  is shown i n  Fig.  28. After the  shock de- 
taches  f rom the  ver tex  the  Mach freeze concept  proposed by 
Bryson (Section 3 .4 .3 i )  has  been  used  to  ca lcu la te  the  drag  
c o e f f i c i e n t .  The r e s u l t s  from t h i s   c a l c u l a t i o n  were shown 
i n  F i g .  7 f o r  a 7O notch  wi thout  separa t ion  and  th i s  curve  
has  been  r ep lo t t ed  in  P ig .  27 a long  wi th  the  exper imenta l  
d r a g  c o e f f i c i e n t s  f o r  a notch  length  of  2.25  ' inches.  The 
quali tative agreement between the theory and experiment i s  
good. 
The theory  and  the  exper imenta l  resu l t s  do not  agree  quant i -  
t a t i v e l y  b e c a u s e  i n  t h e  a c t u a l  f l o w  case the  f low separa tes  
f r o m  t h e  s u r f a c e  c a u s i n g  t h e  e f f e c t i v e  n o t c h  d e p t h  t o  de- 
crease thus   reducing   the   d rag   force   coef f ic ien t .   This   change  
i n  t h e  l o c a t i o n  o f  t h e  s e p a r a t i o n  p o i n t  i n  p a s s i n g  t h r o u g h  
the  t ransonic  reg ime was shown i n  F i g s .  4 and 5 f o r  a 7O 
no tch .  Th i s  l oca t ion  o f  s epa ra t ion  would c a u s e  t h e  a c t u a l  
d rag  fo rce  coe f f i c i en t  t o  be  r educed  by about one-half which 
is t h e  case shown i n  Fig. 27. 
Tha t  t h i s  concep t  g ives  r easonab le  r e su l t s  well  i n t o  t h e  
t ransonic  f low regime i s  shown by the  dashed  curve  in  F ig .  27. 
The va lue  o f  t he  Mach number where t h e  maximum drag coef-  
f i c i en t  occurs  is e s t i m a t e d   i n   F i g .  28. The q u a n t i t y  
(Me)detach is t h e  t h e o r e t i c a l  Mach number i n  t h e  free stream 
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when the  shock  de taches  from t h e  v e r t e x  of t h e  n o t c h .  
7.2. Thick  Approaching  Boundary  Layers 
7.2.1.  
i )  
i i )  
i i i )  
Supersonic   Resul t s ,  M e  2 
Reynolds Number Effect 
For  the  th ick  boundary  layer  case (L = 0.375 inch and 0.625 
i n c h )  t h e r e  was s t i l l  a n  i n c r e a s e  i n  c d  f o r  a n  i n c r e a s e  i n  
R e o ,  however, t h e  change was no t  as g r e a t  as f o r  t h e  t h i n  
boundary  layer  case. The r e a s o n  t h a t  t h i s  c h a n g e  is less 
i s  tha t  t he  th i cke r  approach  boundary  l aye r  mol l i f i e s  t he  
effect  o f  t h e  n o t c h  on t h e  f ree  stream. 
Notch Angle Effect 
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h a t  f o r  t h i c k  ap- 
p r o a c h  b o u n d a r y  l a y e r s  t h e  n o t c h  a n g l e  h a s  v e r y  l i t t l e  ef- 
f ec t  on t h e  d r a g  c o e f f i c i e n t ,  i n  f a c t ,  t h e  method of  clas- 
s i f i c a t i o n  u s e d  assumed cd to  be  independen t  o f  t he  no tch  
a n g l e  i n  t h i s  r e g i m e .  
Shear Layer Effect 
F o r  t h e  t h i c k  s h e a r  l a y e r s ,  as s ta ted  before ,  the  boundary  
l a y e r  a c t e d  as a buf fer  reg ion  be tween the  f ree  stream and 
t h e  s o l i d  b o u n d a r i e s  w i t h  t h e  n e t  effect  o f  r educ ing  the  
d r a g  c o e f f i c i e n t .  T h i s  r e d u c t i o n  i s  qu i t e   obv ious   i n   F ig .  
15 where, as 0 / L  was i n c r e a s e d ,  t h e  d r a g  f o r c e  c o e f f i c i e n t  
was reduced.  
7 . 2 . 2 .  Transonic   Resul t s ,  M e  = 0 . 6  t o  1 .18  
i )  Notch Angle Effect - 8  
The th ick  approaching  boundary  layer  in  the  t ransonic  f low 
reg ime e l imina tes  the  notch  angle  effect  as can  be  noted  in  
Figs.  24,  25,  and 26 f o r  L = 0.375  inch,  and 0.625 inch.  
S i m i l a r  r e s u l t s  were observed  in  F igs .  29, 30,  and  31  where 
t h e   d a t a  were p l o t t e d   i n  terms of  and # . For t h e   t h i c k  
boundary   l aye r s   t he   t r anson ic   s imi l a r i t y   pa rame te r s  and 
a l s o  c o r r e l a t e d  t h e  d r a g  f o r c e  c o e f f i c i e n t  d a t a  satis- 
ii) Shear  Layer Effect 
For t he  supe r son ic  Mach number range  (Me > 1.1) i n  t h e  t r a n -  
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sonic  f low reg ime the  shear  layer  effects on  the  d rag  co- 
e f f i c i e n t  f o r  t h e  t h i c k  a p p r o a c h i n g  b o u n d a r y  l a y e r s  were 
i d e n t i c a l  t o  t h o s e  f o r  t h e  t h i n  b o u n d a r y  l a y e r s .  
i i i )  Mach Number Effect 
The Mach number effect f o r  t r a n s o n i c  t h i c k  a p p r o a c h i n g  
boundary layers  w a s  q u a l i t a t i v e l y  t h e  same as f o r  t h e  t r a n -  
son ic  th in  approach ing  boundary  l aye r s .  
7.3. Redeveloping . . . "- Shear  . . - Layer Drag  Downstream f rom  the  Notch 
Tests were conducted to  measure the effect  tha t  t he  v -no tch  has  
on  the  shea r  layer drag downstream from the notch. Experimental data 
r e p r e s e n t i n g  t h e  r a t i o  o f  t h e  measured  drag  force  to  the  drag  force  
on a f l a t  su r face  equa l  t o  the  r edeve lopmen t  l eng th  a t  t h e  same t u n n e l  
locat ion but  without  the notch upstream are p l o t t e d  i n  F i g .  33. Also 
shown i n  Fig. 33 is a t h e o r e t i c a l  estimate of  the  redeveloping  shear  
l aye r  d rag  a s suming  tha t  t he  e f f ec t ive  ve loc i ty  a t  t h e  start  o f  t h e  
redevelopment  region i s  75% o f  t h e  free s t r eam ve loc i ty .  The important  
conclus ion  f rom th is  series of tests is t h a t  t h e r e  i s  a region of  high 
f r i c t iona l  d rag  immedia t e ly  beh ing  the  no tch  as a new boundary l a y e r  is 
deve loped  wi th in  the  shea r  f low l aye r  p re sen t  nea r  t he  downstream cor- 
n e r  o f  t h e  v - n o t c h ,  b u t  t h a t  t h i s  h i g h  f r i c t i o n a l  d r a g  d e c a y s  t o  a 
fu l ly  deve loped  boundary  layer  va lue  wi th in  about  four  notch  lengths  
downstream of the notch. 
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8. MISCELLANEOUS DRAG MEASUREMENTS 
OF RECTANGULAR AND CIRCULAR 
CAVITIES 
Drag c o e f f i c i e n t s  were measured fo r  r ec t angu la r  no tches  and  
c i r c u l a r  c a v i t i e s  a n d  t h e s e  r e s u l t s  are p resen ted  in  F ig .  21. The 
d r a g  c o e f f i c i e n t s  f o r  r e c t a n g u l a r  n o t c h e s  were s t rongly dependent  
upon the  notch  length  and  only  s l igh t ly  dependent  upon t h e  Reynolds 
number.  The va lues  of the  drag  coef f ic ien t  measured  here  do no t  
ag ree  wi th  those  g iven  by Charwat, ROOS, Dewey, and Hitz (Ref.  9) ,  
(Diagram 7 )  which can only be par t ly  explained by t h e  fact  t h a t  6 / r  
f o r  t h e s e  r e s u l t s  was smaller by a f a c t o r  o f  two than  6 / r  f o r   t h e i r  
r e s u l t s .  
0.02 
C 
d l  L 
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0 3 6 9 '2 L / H  
Diagram 7. Notch  Drag Coeff ic ien ts  (Reference  9)  
A c i r c u l a r  c a v i t y  was l ikewise  t e s t ed  in  the  d rag  ba lance  and  
a l s o  a t h e o r e t i c a l  c a l c u l a t i o n  o f  t h e  d r a g  f o r c e  was made us ing  
equat ion ( 9 ) .  The agreement is  shown t o  b e  v e r y  good. 
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9.  CONCLUDING REMARKS 
From t h e  a n a l y t i c a l  a n d  e x p e r i m e n t a l  r e s u l t s  o f  t h i s  i n v e s t i -  
ga t ion  the  fo l lowing  conc lus ions  may be made abou t  t he  d rag  co- 
eff ic ients  for v-shaped notches. 
i )  The drag force on two-dimensional models can be 
accura te ly  de te rmined  by d i r e c t  f o r c e  measurements 
us ing  a newly developed balance employing s t r a i n  
g a g e s .  I n  p a r t i c u l a r ,  t h e  effect o f  t h e  n o t c h  a n g l e  
a t  g iven  va lues  o f  Mach number and Reynolds number 
is shown t o  produce a con t inuous  va r i a t ion  from f l a t  
p l a t e  f r i c t i o n  d r a g  v a l u e s  t h r o u g h  combined wave drag 
and f ree  j e t  m i x i n g  c o n t r i b u t i o n  t o  t h e  s h e a r  d r a g  i n  
fu l ly  sepa ra t ed  f low reg ions .  
i i )  The inf luences  of  the  major  exper imenta l  var iab les ,  
namely notch geometry,  flow Mach number and viscous 
e f fec ts  (Reynolds  number and boundary layer thickness 
r a t i o )  c o u l d  b e  e s t a b l i s h e d .  
i i i )  A s t r o n g  effect  due t o  f l o w  s e p a r a t i o n  from t h e  walls 
of v-shaped notches on the  ove r -a l l  f l ow conf igu ra -  
t i on  and  d rag  fo rces  ( fo rm d rag  and  f r i c t ion  d rag )  
was observed. 
i v )  The effect  of the approaching boundary layer can be 
d i s c u s s e d  i n  two ca t egor i e s ,  name ly ,  t h in  or t h i c k ,  
depending on the degree to  which the notch angle  in-  
f l uences  the  va lue  of t h e  d r a g  c o e f f i c i e n t .  
v) Reynolds number effects were gene ra l ly  small due t o  
t h e  l a r g e  c o n t r i b u t i o n  o f  t h e  f r e e  s h e a r  l a y e r  
phenomena. 
v i )  Supe r son ic  f low pas t  v -no tches  wi th  r e l a t ive ly  th in  
approaching boundary layers can be analyzed on t h e  
b a s i s  o f  a s impl i f i ed  f low model a c c o u n t i n g  f o r  t h e  
r e d u c t i o n  i n  form drag by introducing information on 
t h e  p e n e t r a t i o n  d e p t h  r a t i o .  
v i i )  Drag va lues  ob ta ined  fo r  t r anson ic  f low show an an- 
omolous behavior  near  Mach number o f  u n i t y  i n  as much 
as they  r each  maximum values  a t  s l i g h t l y  s u p e r s o n i c  
Mach numbers.  This was found  however, t o  be r a t i o n -  
a l l y  e x p l a i n e d  by the  " se l f - ad jus t ing"  conf igu ra t ion  
of t h e  s e p a r a t i o n  r e g i o n .  
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v i i i )  T h e o r e t i c a l  a n a l y s i s  o f  t h e  d r a g  o f  s h a l l o w  v - n o t c h e s  i n  
the  t r anson ic  f low reg ime  us ing  empi r i ca l  i n fo rma t ion  on 
t h e  p e n e t r a t i o n  d e p t h  r a t i o  r e s u l t e d  i n  good q u a n t i t a t i v e  
agreement with measured values.  
i x )  The t ransonic  parameters  4 and # are reasonable  cor -  
r e l a t i n g  q u a n t i t i e s  i n  t h e  t r a n s o n i c  f l o w  r e g i m e  f o r  v- 
shaped notches.  
x )  The s e p a r a t i o n  p o i n t  i n s i d e  of t h e  v-shaped notch  a d j u s t s  
i t se l f  nea r  Mach number e q u a l  t o  one r e s u l t i n g  i n  a n  
effect ive geometry change which reduces the expected 
n o t c h  d r a g  c o e f f i c i e n t .  
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Figure 23. C d Variat ion with Notch Angle 
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Figure 24. Transonic Notch Drag Coefficients 
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Figure 25. Transonic Notch Drag Coefficients 
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Figure 26. Transonic Notch Drag Coefficients 
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Figure 27. Comparison of C d with Flow Model 
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Figure 28. Detaching Mach Number 
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Figure 29. Transonic  S imi la r i ty  Parameters 
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Figure 30. Transonic  Similar i ty  Parameters 
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Figure 31. Transonic Similar i ty  Parameters 
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Figure 32. M and 8 / L  Effect on Cd 
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Figure  33. Redevelopment  Drag  Force 
(D = d r a g  f o r c e  on redevelopment   l ength ,  Df = d r a g  f o r c e  on f l a t  s u r f a c e  e q u a l  
t o  t h e  r e d e v e l o p m e n t  l e n g t h  a t  same tunne l  yoca t ion  bu t  w i thou t  t he  no tch  ups t r eam)  
